Abbreviations {#nomen0010}
=============

ACE2

:   angiotensin-converting enzyme 2

ALI

:   acute lung injury

AP-1

:   activator protein-1

APCs

:   antigen-presenting cells

ARA

:   arachidonic acid

ASA

:   aspirins

ARBS

:   ACE2 type I receptor blockers

ARDS

:   acute respiratory distress syndrome

cAMP

:   cyclic adenosine monophosphate

CRP

:   C-reactive protein

COX

:   ciclooxigenase

DHA

:   docosahexaenoic acid

DIC

:   disseminated intravascular coagulation

EETs

:   epoxyeicosatrienoic acids

EPA

:   eicosapentaenoic acid

ESR

:   erythrocyte sedimentation rate

GPCR

:   G protein-coupled receptor

HNE

:   4-hydroxy-nonenal

HHE

:   4-hydroxy-hexenal

HETEs

:   hydroxyeicosatetraenoic acids

HEPE

:   hydroxy-eicosapentaenoic acid

ICU

:   intensive care unit

ISoPs

:   isoprostane

IFN-γ

:   interferon-γ

IFN-α/β

:   interferon-α/β

ISGs

:   IFN-stimulated genes

Ig

:   immunoglobulin

IL

:   interleukin

LDH

:   lactate dehydrogenase

LOX

:   lipoxigenase

LTs

:   leukotrienes

MDA

:   malondialdehyde

M-CSF

:   macrophage colony-stimulating factor

MERS-CoV

:   Middle East respiratory syndrome corona virus

MCP-1

:   monocyte chemoattractant protein-1

NK

:   Natural killer

NF-kB

:   nuclear factor kappa B

NTD

:   N-terminal domain

NeuroPs

:   neuroprostanes

PPARγ

:   peroxisome proliferator-activated receptor gamma

PUFAs

:   polyunsaturated fatty acids

PLA2

:   enzyme phospholipase A2

PGE2

:   prostaglandin E2

PD1

:   protectin D1

RNA

:   ribonucleic acid

RBD

:   receptor-binding domain

ROS

:   reactive oxygen species

RvE1

:   resolving E1

SARS-CoV-2

:   severe acute respiratory syndrome corona virus 2

SARS-CoV

:   severe acute respiratory syndrome corona virus

SPMs

:   specialized pro-resolving mediators

SIC

:   sepsis-induced coagulopathy

TNF-α

:   tumor necrosis factor-α

Th1

:   T-helper 1

Th2

:   T-helper 2

Th-17

:   T helper 17

Treg

:   regulatory T cell

TXs

:   thromboxanes

TNF-α

:   tumor necrosis factor-α

VEGF

:   vascular endothelial growth factor

VTE

:   venous thromboembolism

4-ONE

:   4-oxononenal

17-HDHA

:   17-hydroxydocosahexaenoic acid

1. Introduction {#sec1}
===============

The coronavirus disease 2019 (COVID-19) emerged for the first time in Wuhan, China, in December 2019 \[[@bib1]\]. Two large-scale coronavirus outbreaks infected humans and caused fatalities previously: the severe acute respiratory syndrome coronavirus (SARS-CoV), in 2003, and the Middle East respiratory syndrome (MERS-CoV), in 2012, causing 813 and 845 deaths, respectively \[[@bib2],[@bib3]\]. However, SARS-CoV-2 has shown a stronger transmission capacity, leading to more than 9.0 million infections and more than 469,000 deaths to date \[[@bib4]\].

The most common symptoms at the onset of illness are fever, cough, dyspnea and myalgia, accompanied by leukopenia, lymphopenia, raised serum aspartate aminotransferase level, abnormalities on computer tomography of the chest (ground-glass opacity), bilateral respiratory distress and secondary infections \[[@bib5]\]. In critically ill patients, there are also reports of abnormal coagulation, excessive inflammation, higher C-reactive protein (CRP) concentrations, lower oxygen saturation, hypoxemia and oxidative stress, leading to renal and hepatic failure \[[@bib6], [@bib7], [@bib8]\].

No vaccine or treatments have been developed to date despite scientific efforts. This is due to the time and steps required for compounds to be considered efficient and safe \[[@bib9]\]. The consumption of dietary supplements, such as omega-3 fatty acids, could help improve the treatment and recovery of severe SARS-CoV-2 infected patients by reducing inflammatory response and excessive blood coagulation. This hypothesis is based on the well-documented effect of marine omega-3 fatty acids, specifically eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), on inflammation resolution \[[@bib10]\] and on their potential for coagulation reduction and arrhythmia improvement \[[@bib11],[@bib12]\]. However, several studies have reported that high doses of EPA and DHA can increase host susceptibility to viruses \[[@bib13],[@bib14]\]. It has also been reported that replacing ARA by EPA and DHA in phospholipid membranes makes the cells prone to oxidative stress when there is an increase in ROS concentration in the affected area \[[@bib15],[@bib16]\].

Considering the potential benefits and risks of EPA and DHA supplementation for SARS-CoV-2 infected patient\'s prognosis, this review discusses the implications of omega-3 fatty acids alone and in combination with anti-inflammatory drugs, on inflammation resolution, coagulation and oxidative stress.

2. Pathogenesis of SARS-CoV-2 infection {#sec2}
=======================================

Coronaviruses is a genus in the *Coronaviridae* family, from the Nidovirales order. They contain a positive sense single-stranded RNA as a nucleic material \[[@bib17]\]. Its structure includes a lipid bilayer membrane containing the transmembrane protein, the spike protein and the envelope protein, surrounding a nucleocapsid \[[@bib17]\]. Coronaviruses are comprised of a large number of viruses found broadly distributed among mammals and birds. They cause respiratory, enteric, hepatic and neurologic diseases.

SARS-CoV-2 entry into the cell is mediated by the angiotensin-converting enzyme 2 (ACE2), a membrane-bound aminopeptidase, part of the renin-angiotensin system, expressed in a small subset of cells in the lung and in other cell types, such as vascular endothelial cells and macrophages \[[@bib5],[@bib18],[@bib19]\]. The first-line of defense of the immune system against viral infection involves the expression of type 1 interferons (IFN-α and IFN-β), which are cytokines secreted by various cell types, notably plasmacytoid dendritic cells \[[@bib20]\]. Type 1 IFN activates transcription factors of IFN-stimulated genes (ISGs) which will act by several mechanisms to inhibit viral replication and dissemination at the early stage, such as destroying viral RNA \[[@bib20]\].

Activation of the adaptive immune system is initiated with the presentation of virus antigen by dendritic cells to T lymphocytes. Cytotoxic CD8^+^ T cells are essential in killing viral infected cells, while CD4^+^ helper T cells, which can be divided into helper (e.g. Th1, Th2, Th17) and regulatory cells (Tregs) \[[@bib21]\], are involved in the expression of type 1 INF, anti and pro-inflammatory cytokines, and play a central role in the maintenance of self-tolerance and immune homeostasis \[[@bib22]\].

Normal function of all stages in innate and adaptive immune systems leads to virus clearance and organism recovery. However, it has been suggested that in some cases, SARS-CoV-2 could compromise early viral control by blocking activation of IFN-α and IFN-β. This leads to uncontrolled virus proliferation \[[@bib23],[@bib24]\] and may trigger a large influx of inflammatory neutrophils and macrophages in the lung tissue, promoting an exacerbated release of pro-inflammatory cytokines, such as tumor necrosis factor (TNF-α), interleukin 6 (IL-6), and interleukin 1 beta (IL-1β), chemokines and growth factors \[[@bib6],[@bib24]\]. This condition has been reported as a "cytokine storm". Huang et al. \[[@bib6]\] demonstrated that critical SARS-CoV-2 infected patients showed higher levels of IL-1β, TNF-α, monocyte chemoattractant protein-1 (MCP-1) and IFN-γ than those found in mild patients.

In SARS-CoV-2 infection, the excessive and uncontrolled production of pro-inflammatory cytokines by the innate immune cells amplifies the secretion of pro-inflammatory chemoattractant factors, such as vascular endothelial growth factor (VEGF), MCP-1, interleukin 8 (IL-8) and reduced E-cadherin expression in endothelial cells \[[@bib25]\]. VEGF and reduced E-cadherin expression contribute to vascular permeability and leakage, which are present in the pathophysiology of pulmonary dysfunction in acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), leading to systemic inflammation and multiple organ failure characteristic of severe SARS-CoV-2 infected individuals \[[@bib6],[@bib25], [@bib26], [@bib27]\]. Thus, the cytokine storm has been considered a key factor for disease control and an important cause for COVID-19 exacerbation or even mortality.

It has also been suggested that SARS-CoV-2 promotes lymphopenia, especially in severe patients, and functional exhaustion of T lymphocytes \[[@bib6],[@bib28], [@bib29], [@bib30]\]. Zheng et al. \[[@bib28]\] observed lower levels of Cytotoxic CD8^+^ lymphocytes in critically ill patients compared to mild ones. In another study, Qin et al. \[[@bib30]\] observed a higher decrease of both CD4^+^ and CD8^+^ T lymphocytes in severe infection, mainly Treg cells. It has been suggested that these dysfunctions in T lymphocytes could result in aggravated inflammatory responses and slower virus clearance \[[@bib28], [@bib29], [@bib30]\].

Many factors are involved in the cytokine storm observed in patients infected with SARS-CoV-2. The identification of which factors could be associated with healthy versus dysfunctional outcomes is essential to better deal with SARS-CoV-2 infection \[[@bib19]\], and can influence the action of drugs and supplements.

3. Fatty acids and inflammation {#sec3}
===============================

Polyunsaturated fatty acids (PUFAs) play an important role in structural integrity and fluidity of membrane phospholipids. In addition, PUFAs influence gene expression and are substrate for the synthesis of lipid mediators, such as eicosanoids \[[@bib31]\]. ARA, an omega-6 fatty acid, and EPA and DHA, omega-3 fatty acids, affect inflammatory and immune responses. In general, eicosanoids derived from EPA and DHA are less inflammatory than those derived from ARA \[[@bib32]\]. For example, eicosanoid receptors typically have a lower affinity for the EPA-derived mediator than for the ARA-derived one \[[@bib10],[@bib33], [@bib34], [@bib35]\].

ARA is generally the main precursor of eicosanoid synthesis because the cell membrane composition of most immune cells contains a greater amount of ARA in comparison with other PUFAs, such as EPA \[[@bib10]\]. The mobilization of ARA for eicosanoids formation occurs by the action of the enzyme phospholipase A2 (PLA2), which is activated by physiological or pathological stimuli \[[@bib36]\]. The released ARA is then enzymatically oxidized through three enzymes: lipoxygenase (LOX), cytochrome P450 and cyclooxygenase (COX), that lead to leukotrienes (LTs), lipoxins, hydroxyeicosatetraenoic acids (HETEs), epoxyeicosatrienoic acids (EETs) and prostanoids, which include prostaglandins, prostacyclins and thromboxanes (TXs) ([Fig. 1](#fig1){ref-type="fig"} ) \[[@bib37]\].Fig. 1Eicosanoid biosynthesis from arachidonic acid \[ARA\]. In response to various stimuli, ARA is released from cell membranes by phospholipase A2 \[PLA2\]. Free ARA can be metabolized to eicosanoids through the epoxygenase P-450, cyclooxygenase \[COX 1 and 2\], or lipoxygenases \[5-LOX, 12-LOX and 15-LOX\] pathways. In epoxygenase P-450, ARA is metabolized to epoxyeicosatrienoic acids \[EETs\]. The COX enzymes catalyze the conversion of ARA into intermediate prostaglandin G2 \[PGG2\] and then into prostaglandin H2 \[PGH2\]. PGH2 acts as a substrate for the generation of biologically active products such as prostaglandins \[PGD2, PGE2, PGF2α\], thromboxanes \[TXA2 and TXB2\] and the prostacyclin \[PGI2\], together these metabolites are called prostanoids. In the presence of aspirin, COX-2 is acetylated \[indicated by 'Ac\'\], which enhances the COX-2-catalyzed formation of 15-R-hydroxyeicosatetraenoic acid \[15R -HETE\] which can be converted by 5- LOX into the called aspirin-triggered lipoxins \[LXA4 and LXB4\]. LOX converts ARA first to the respective hydroperoxy-eicosatetraenoic acids \[5, 12, and 15 - HpETEs\] to produce the corresponding hydroxy-eicosatetraenoic acid \[5, 12 and 15 - HETEs\]. 5-HpETE is also further metabolized to form leukotriene \[LT\] A4 by 5-LOX. LTA4 is later converted to LTB4, LTC4, LTD4, and LTE4. The 15-HETE lead to the formation of lipoxins by 15-LOX. Based in Dennis & Norris \[2015\] and Harizi et al., \[2008\]. Figure made with biorender \[<https://biorender.com/>\].Fig. 1

The prostaglandin E2 (PGE2) is the most studied COX metabolite in immunological regulation. Its synthesis occurs in several cells, including macrophages, dendritic cells, fibroblasts and endothelial cells. PGE2 is involved in vasodilation, endothelial permeability and increase of pain \[[@bib38]\]. PGE2 can exert pro-inflammatory and anti-inflammatory actions, and this heterogeneous effect depends in part, on the regulation of the expression of its specific receptors EP1 - EP4, which belong to the G protein-coupled receptor family (GPCR) \[[@bib38], [@bib39], [@bib40]\].

The PGE2 has been shown to modulate both innate and adaptive immune cells and plays an important role in the link between the two systems, mediated by antigen-presenting cells (APCs) and T lymphocytes \[[@bib39],[@bib41]\]. It contributes to the tissue influx of neutrophils, macrophages and mast cells, and can affect the differentiation and various functions of these cells, such as phagocytosis and degranulation \[[@bib39]\]. PGE2 also acts as a regulator of APCs' function by, for example, promoting activation, maturation and migration of dendritic cells \[[@bib41]\]. In T cells, the PGE2 is important to control their differentiation, disrupting the Th1 response and improving the Th2 response, which leads to a reduction in protection against intracellular pathogens \[[@bib42]\]. However, PGE2 can suppress the expression of MHC class II molecules, decrease natural killer (NK) cell activity and reduce the activation of T cells \[[@bib34],[@bib41]\].

Coulombe et al. \[[@bib43]\] showed that using animal model (C57BL6 mice) and *in vitro* assays (MDCK cells) the production of PGE2 during infection by the influenza A virus (H1N1 strain) led to inhibition of type 1 IFN and apoptosis of alveolar macrophages, promoting an increase in virus replication. In this context, PGE2 inhibition improved the antiviral response, suggesting that the specific suppression of PGE2 represents a therapeutic route for the treatment and prevention of influenza and potentially other viral infections. Furthermore, *in vitro* studies using fibroblasts and human chondrocytes, suggest that PGE2 can regulate the production of cytokines such as IL-6, IL-8 and macrophage colony-stimulating factor (M-CSF). The production of these pro-inflammatory mediators involves the binding of PGE2 with EP receptors and increased intracellular cAMP levels and nuclear factor kappa B (NF-κB) activation \[[@bib44], [@bib45], [@bib46]\].

Studies also showed that PGE2 inhibits 5-LOX and decreases leukotriene production \[[@bib47]\]. The leukotriene series derived from ARA consists of B4 (LTB4) produced by neutrophils, monocytes and macrophages; C4 (LTC4), D4 (LTD4) and E4 (LTE4) produced by mast cells, basophils and eosinophils \[[@bib36],[@bib47]\]. The synthesis of leukotrienes occurs mainly in the respiratory, microvascular and gastrointestinal systems. Bronchoconstriction is the most evident physiological action of leukotrienes and has been related to asthma and allergic diseases \[[@bib36]\]. In inflammatory response, epithelial cells are also important sources of leukotrienes for stimulating the recruitment of circulating leukocytes, generation of cytokines and ROS, increased TNF-α expression and induce activation, differentiation and proliferation of B cells, that are involved with immune response. LTB4 has been studied due to its antimicrobial effect for inducing antimicrobial peptide release from neutrophils, and in some cases, it can inhibit viral replication \[[@bib48],[@bib49]\].

Thus, eicosanoids play an important role for host immune response and their synthesis depends on the type of fatty acid and precursor.

4. Anti-inflammatory drugs in the treatment of patients with COVID-19 {#sec4}
=====================================================================

Therapeutic approaches used in patients with SARS-CoV-2 include antiviral, antibacterial and anti-inflammatory drugs \[[@bib6],[@bib50]\]. Among the latter, corticosteroids are widely prescribed for the treatment of patients with severe illness for possible relief of inflammation and higher survival of patients with SARS-CoV \[[@bib51]\]. However, recent evidence suggests that corticosteroids may aggravate lung injury associated with SARS-CoV-2 due to delayed viral clearance \[[@bib6],[@bib26]\].

Corticosteroids, such as dexamethasone, act by suppressing the immune system due to the inhibitory action of transcription factors, such as the activator protein-1 (AP-1) and nuclear factor kB (NF-κB), responsible for the expression of pro-inflammatory genes involved in the synthesis of cytokines like IL-6, IL-2 and TNF-α. They also decrease the action of COX-2 and the production of chemokines. It should be noted that COX-2 catalyzes the synthesis of prostaglandins and thromboxanes, which are mediators responsible for many aspects of the inflammatory response \[[@bib52]\]. However, continued use of corticosteroids can lead individuals to immunosuppression, making them more vulnerable to infections compared to healthy individuals \[[@bib52], [@bib53], [@bib54]\].

Recently, several studies suggested that Ibuprofen, a non-steroidal anti-inflammatory drug, should not be used in suspected cases of SARS-CoV-2 infection \[[@bib55]\]. Non-steroidal anti-inflammatory drugs act in the selective or non-selective inhibition of the COX-1 and COX-2 ([Fig. 1](#fig1){ref-type="fig"}), blocking the cascade of ARA and the formation of prostaglandins \[[@bib10],[@bib55]\]. The inhibition of prostaglandin expression induces vasoconstriction, altering blood flow and favoring the activation of the "renin-angiotensin" system, which can lead to an increased expression of ACE2 in the lungs, kidneys and intestines. It has been hypothesized that this upregulation of ACE2 by Ibuprofen could increase the individual susceptibility to infection by the SARS-CoV-2 \[[@bib55],[@bib56]\]. This hypothesis has not been confirmed, and further studies are needed to better evaluate the negative effects of Ibuprofen as well as other anti-inflammatory drugs of the same therapeutic class.

Aspirins (ASA, acetylsalicylic acid) have a different mechanism of action compared to Ibuprofen and other non-selective non-steroidal anti-inflammatory drugs, and are 170-fold more potent in inhibiting COX-1 than COX-2 \[[@bib57]\]. In addition to the inactivation of COX-1, ASA promotes the conversion of ARA into 15-HETE \[15-hydroxyeicosatetraenoic acid\] through COX-2 pathway ([Fig. 1](#fig1){ref-type="fig"}), decreasing prostaglandins concentration, increasing leukotrienes and lipoxins, and favoring the inflammation resolution \[[@bib36],[@bib57]\].

5. Omega-3 fatty acids and inflammation resolution {#sec5}
==================================================

The anti-inflammatory effect of EPA and DHA has been associated with decreasing of arachidonic acid (ARA) in the membrane phospholipids, which leads to a reduced synthesis of ARA-lipid mediators and increased production of less inflammatory EPA-derived lipid mediators \[[@bib33],[@bib58]\]. EPA and DHA supplementation can increase the proportion of both fatty acids in blood lipids, blood cells and many tissue compartments. The incorporation of EPA and DHA in phospholipids occurs in a dose and time-dependent manner, and the incorporation of EPA generally occurs faster than DHA \[[@bib59]\]. Studies have observed that the rate of incorporation of EPA and DHA in humans after supplementation varies between cell types, with a rapid change in plasma fatty acid fractions, between 1 and 4 weeks, while changes in mononuclear cells were observed after months of supplementation \[[@bib60],[@bib61]\]. A study conducted by Gerling et al. \[[@bib62]\] demonstrated that healthy young men supplemented with fish oil (3g EPA + 2g DHA/day) for 12 weeks showed an increase in the content of EPA and DHA in whole muscle and mitochondrial membranes and also decreased the omega-6/omega-3 proportion. This result shows that supplementation with EPA and DHA can reduce the availability of ARA for synthesis of eicosanoids, affecting the actions regulated by these mediators \[[@bib59],[@bib63]\].

Mechanisms underlying the anti-inflammatory actions of EPA and DHA involve inhibition of leukocyte chemotaxis, reduction of adhesion molecule expression and leukocyte-endothelial adhesive interactions, disruption of lipid rafts, inhibition of activation of NF-κB, activation of anti-inflammatory transcription factors, such as Peroxisome Proliferator-Activated Receptor Gamma (PPARγ), and binding to the G protein-coupled receptor (GPCR120) \[[@bib59],[@bib64],[@bib65]\]. Furthermore, the enzymatic oxidation of EPA and DHA leads to the synthesis of specialized pro-resolving mediators (SPMs), such as resolvins, protectins and maresins ([Fig. 2](#fig2){ref-type="fig"} ). Resolvins produced from EPA (E-series) and DHA (D-series) and protectins produced from DHA involves the COX and LOX pathways and are inflammation-resolving, inhibiting transendothelial migration of neutrophils and cytokines (IL-1β and TNF-α) and chemokines production \[[@bib64]\].Fig. 2Eicosanoids biosynthesis from eicosapentaenoic \[EPA\] and docosahexaenoic \[DHA\]. Specialized pro-resolution mediators \[SPMs\] are produced by the LOX and COX enzymes. EPA can be converted by 15-LOX or in the presence of aspirin by acetylated COX2 \[indicated by 'Ac\'\] in 18-hydroxyeicosapentaenoic acid \[18-HEPE\], which can be converted by 5-LOX in E series resolvins \[RvE1 and RvE2\]. Also, EPA can be converted, through COX and 5-LOX respectively, into less inflammatory prostanoids and leukotrienes than ARA derivatives. DHA can be metabolized in the presence of aspirin by acetylated COX2, 15-LOX and 12-LOX. In the COX-2 pathway, DHA forms 17-hydroxydocosahexaenoic acid \[17R-HDHA\], which is metabolized by 5-LOX into aspirin-triggered D-series resolvins \[RvD1-RvD4\]. Through 15-LOX, DHA originates from the metabolite 17S-HDHA that can generate the D-series resolvins through 5-LOX or protectins \[PD1\] and neuroprotectins \[NPD1\], when generated in neural tissue, through other reactions. 12-LOX-derived 14-hydroxydocosahexaenoic acid \[14S-HDHA\] can be converted to maresins \[MaR1 and MaR2\]. Based in Basil & Levy \[2016\] and Serhan \[2014\]. Figure made with biorender \[<https://biorender.com/>\].Fig. 2

Several studies have investigated the use of ASA as a possible potentiator of EPA and DHA effects. This occurs due to ASA-triggered biosynthesis of resolvins and protectins from EPA and DHA, and the ability of ASA to modify the production of the SPMs \[[@bib66],[@bib67]\]. After acetylation of the COX-2 induced by ASA, EPA is converted into 18-HEPE, ARA into 15-HETE and DHA into 17-hydroxydocosahexaenoic acid (17-HDHA) ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}). These products are transformed into lipoxins, resolvins and protectins. The 18-HEPE is then released by the endothelial cells and taken up by adherent leukocytes, where 5-LOX converts it into E-series resolvins, mainly RvE1. Additionally, ASA can trigger the formation of an epimeric protectin D1 (PD1), a molecule derived from DHA through the action of the 15-LOX identified as AT-PD1. In a recent study, ApoE^−/-^ mice were supplemented with EPA and DHA, or EPA and DHA combined with ASA, at levels equivalent to human doses. The combined group showed lower serum ARA-derived prostanoids and 15-HETE concentrations \[[@bib67]\]. Thus, the endogenous metabolism of prostaglandins and SPMs may change in the presence of ASA, and its combination with EPA and/or DHA can prevent the onset of inflammation and even resolve it \[[@bib68],[@bib69]\].

6. Evidence of omega-3 fatty acids supplementation on inflammation resolution {#sec6}
=============================================================================

EPA and DHA are known to play a key role in the prevention and treatment of coronary artery disease, diabetes, hypertension, arthritis, and other inflammatory and autoimune disorders. For example, De Souza et al. \[[@bib70]\] evaluated the effect of fish oil supplementation (1.44 g EPA + 0.96g DHA/day) 9 for 8 weeks in overweight/obese type 2 diabetes patients and observed a reduction of inflammatory biomarkers (TNF-α, IL-1β and IL-6) and an improvement of insulin sensitivity. This data corroborated those found by Moghadam et al. \[[@bib71]\] that observed reduction of the serum CRP, IL-2 and TNF-α concentrations in type 2 diabetes patients after 8 weeks of EPA and DHA supplementation (1.548 g EPA + 0.828 g DHA + 0.338 gother omega 3 fatty acids/day).

One feature of uncontrolled activation of the inflammatory response, such as that occurring in the cytokine storm present in critically ill SARS-CoV-2 infected patients, involves excessive production of pro-inflammatory cytokines and lipid-derived inflammatory mediator eicosanoids, accompanied by exacerbated oxidative stress \[[@bib72]\]. For this reason, over the past years, several studies have investigated whether EPA and DHA administered during critical illness could modulate the inflammatory response and, in turn, benefit critically ill patients \[[@bib72], [@bib73], [@bib74]\]. To date, promising results were obtained.

The resolvins derived from EPA and DHA have played an important role during sepsis. Pontes-Arruda et al. \[[@bib75]\] investigated the effect of administering an enteral diet enriched with EPA + GLA + antioxidants for 28 days in patients with severe sepsis or septic shock who needed mechanical ventilation. The authors observed that the diet enriched with EPA and DHA contributed to improved clinical outcomes in the ICU individuals and that the treated group presented lower mortality rates when compared to the control group. Interestingly, Hosny et al. \[[@bib76]\] evaluated the efficacy and safety of high-dose EPA and DHA supplementation (9 g/d added of 1g/d ascorbic acid + 400UI/12h alpha-tocopherol and 100μg/d selenium) in patients with early-stage sepsis for 7 days. It was observed that compared to the control group, the supplemented group exhibited lower levels of CRP, IL-6 and procalcitonin. In addition to these findings, the authors observed that the supplemented group also presented lesser need, shorter duration of mechanical ventilation and reduced development of severe sepsis.

Human and animal trials have also investigated the effect of EPA and DHA in ALI and ARDS, which is characteristic in severe SARS-CoV-2 patients. In a series of studies conducted by Mancuso et al. \[[@bib77],[@bib78]\], male Long-Evans rats were fed enteral diets containing fish oil as a source of omega-3 fatty acids, or corn oil as a source of omega-6 fatty acids, for 21 days. After induction of acute inflammation caused by an intravenous injection of *Salmonella enteritidis* endotoxin (10 mg/Kg), the authors observed that the group receiving fish oil showed lower severity of pulmonary microvascular protein permeability and decreased pulmonary neutrophil accumulation. Furthermore, stimulated alveolar macrophages had reduced concentrations of ARA-derived mediators, such as PGE2 and TXB2, suggesting a beneficial effect of omega-3 fatty acids over omega-6 fatty acids in ALI attenuation \[[@bib77],[@bib78]\]. More recently, the role of SPMs, specifically resolvins, in the resolution of inflammation has been demonstrated in several animal models of ALI and ARDS \[[@bib79], [@bib80], [@bib81], [@bib82]\]. These studies, carried out using rats and mice models infected with E.coli O55:B5 endotoxin LPS, suggested that the pro-resolving effects of these molecules could be attributed, for example, to the suppression of neutrophil infiltration due to reduction of expression and release of pro-inflammatory cytokines from alveolar macrophages \[[@bib79],[@bib81]\].

Several trials have investigated the effect of EPA and DHA oral supplementation or parenteral nutrition formula, with or without antioxidants, in patients with ARDS. Prior trials utilized enteral formulations containing a high dose of EPA and DHA along with antioxidants and gamma-linolenic acid \[[@bib75],[@bib83], [@bib84], [@bib85]\]. In general, these studies demonstrated favorable results in terms of multiple inflammatory, respiratory and clinical outcomes. A meta-analysis carried out by Pontes-Arruda et al. \[[@bib86]\] also reported significant reduction in ventilator-free days, organ failures, length of stay in the intensive care unit and mortality in individuals with ARDS. More recently, a Cochrane review showed that patients with ARDS receiving EPA and DHA supplementation showed a significant improvement in blood oxygenation and reduction in ventilation requirement, organ failures, length of stay in the ICU and mortality at 28 days \[[@bib87]\].

Thus, supplementation with EPA and DHA could have important implications in critically ill COVID-19 patients. Recently, several research reviews have corroborated this idea \[[@bib58],[@bib88], [@bib89], [@bib90], [@bib91], [@bib92]\]. These studies foccused mainly on the anti-inflammatory properties of EPA and DHA, suggesting that the less inflammatory lipid mediators produced from these compounds along with EPA and DHA-derived SPMs could help in management of the cytokine storm, ameliorating inflammation and lung injury \[[@bib58],[@bib87],[@bib88]\].

Bistrian \[[@bib88]\] suggested parenteral supplementation of critically ill SARS-CoV-2 infected patients with fish oil. The author argued that dietary doses of EPA and DHA (about 1 g/d) could have modest anti-inflammatory effects. However, larger amounts achieved through supplementation (4--6 g/d) could show more potent effects on cytokine secretion and in the inflammatory response \[[@bib88],[@bib93],[@bib94]\]. Later, Torrinhas et al. \[[@bib92]\] agreed that immune modulatory properties of EPA and DHA provided in emulsions may be important to change clinical outcomes of SARS-CoV-2 infected patients. The authors suggested a prescription based on body weight (e.g. 0.2 g pure fish‐oil lipid emulsions/kg body weight/day) and also considering combining the parenteral administration of fish oil emulsion to low oral aspirin intake, in order to trigger resolvin synthesis from EPA and DHA. In another review, Torrinhas et al. \[[@bib91]\] suggested parenteral supplementation as the best route for delivering emulsions enriched with EPA and DHA due to their faster incorporation into plasma phospholipids, blood cells and tissues.

The benefits expected based on the anti-inflammatory activity of EPA and DHA are anecdotal and need to be verified by rigorous clinical trials. To the best of our knowledge, there is an open-label, randomized, controlled study currently running in hospitalized subjects with confirmed SARS-CoV-2 (NCT04335032) \[[@bib95]\]. The study comprises 240 participants, with one group receiving standard care, the other being provided daily 2 g of EPA capsules. Interventions will be carried out between 28 and 90 days, and the efficacy of EPA in the treatment of the disease, as well as its effect on oxygen saturation, levels of pro-inflammatory IL-6, mortality rate, ICU stays, hospitalization days, and need for mechanical ventilation will be determined. In fact, many additional rigorous trials must be conducted to verify the effects.

Although EPA and DHA has been widely used to reduce chronic inflammatory diseases, their effect on viral infections remains controversial \[[@bib13]\]. Several studies have highlighted the role of SPMs in viral diseases. A study conducted by Morita et al. \[[@bib96]\] showed that the SPM protectin D1 (PD1) exhibited antiviral activity against the influenza A virus (A/PuertoRico/8/34 --H1N1, A/California/04/2009 --H1N1 and A/Vietman/1203/04-H5N1, and a mutant H5N1 PB2-627E) using C57Bl/6J male mice as model, markedly attenuating virus replication. In addition, treatment with PD1 improved the survival and pathology of severe influenza in infected mice. In another study, Ramon et al. \[[@bib97]\] evaluated the ability of 17-HDHA, a SPM derived from DHA that is metabolized to resolvins and protectins ([Fig. 2](#fig2){ref-type="fig"}), in improving the immune response to H1N1 influenza virus. The results showed that 17-HDHA was able to increase the levels of antibodies, which resulted in greater resistance to infection by the H1N1 (A/Brisbane/59/2007 or A/California/04/2009) virus \[[@bib97]\]. More recently, it has been shown that pretreatment with DHA increases human SH-SY5Y cell viability and proliferation, restores mitochondrial function, reduces viral load and triggers an anti-inflammatory response in cells infected with Zika (KX197192) virus \[[@bib98]\].

However, several studies have shown that EPA and DHA supplementation can have suppressive effects, which can reduce the immune response against viral infections. In C57BL/6J mice infected with H1N1 influenza virus (A/PuertoRico/8/34), supplemented with fish oil resulted in a 40% higher mortality rate and 70% higher viral load. Besides, the supplemented mice showed significantly less CD8^+^ T lymphocytes and decreased mRNA expression of inflammatory mediators, including IL-6 and TNF-α \[[@bib14]\]. Similarly, BALB/c mice infected with the influenza virus (A/Queensland/6/72:H3N2) and fed a high-fat diet rich in EPA and DHA improved lymphocyte proliferation but had compromised levels of IFN-γ, serum immunoglobulin \[Ig\] G, lung IgA-specific antibodies and suppression of virus-specific lung T cell cytotoxicity. These results suggest that feeding a high-fat diet rich in EPA and DHA could impair immune response by delaying virus clearance, although the supplementation had not affected the ultimate outcome \[[@bib99],[@bib100]\]. It is important to take into account that these contradictory results can be associated to other factors, for example, the initial weight loss usually observed when mice are supplemented with fish oil by diet \[[@bib99]\] and physiological differences among animal models. In addition, rigorously controlled animal studies have not been conducted with the SARS-CoV-2 virus, and differences between this virus and other influenza viruses might offer some insight into the apparent contradictions. Therefore, further studies are needed to understand the role of EPA and DHA in the immune response related to viral infections.

7. Omega-3 fatty acids and oxidative stress {#sec7}
===========================================

PUFAs are molecules highly susceptible to non-enzymatic oxidation, usually mediated by reactive species that are generated during normal metabolism. PUFAs esterifying glycerol, cholesterol or phospholipids can be oxidized by ROS forming α, β-polyunsaturated lipid aldehydes that play an important role in many cellular processes \[[@bib101],[@bib102]\]. Membrane phospholipids and triglycerides are primary targets for ROS oxidation producing aldehydes such as malondialdehyde (MDA), 4-hydroxyl-hexenal (HHE), 4-hydroxyl-nonenal (HNE),4-oxononenal (4-ONE) and acrolein \[[@bib103]\]. Under normal conditions, these aldehydes are detoxified by phase I and phase II metabolism \[[@bib104]\], but under severe oxidative stress, they can initiate mitochondrial dysfunction eventually culminating in apoptosis \[[@bib103]\].

[Phospholipid](https://www.sciencedirect.com/topics/medicine-and-dentistry/phospholipid){#intref0010} [peroxidation](https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/peroxidation){#intref0015} products are recognized as important [bioactive lipid](https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bioactive-lipids){#intref0020} mediators playing an active role as modulators in signaling events in inflammation, immunity and infection \[[@bib105]\]. Oxidized phospholipids have been suggested as biomarkers of atherosclerosis and other pathologies \[[@bib101],[@bib106]\]. An important class of products formed from non-enzymatic PUFA oxidation are the isoprostanes \[IsoPs\] and neuroprostanes \[NeuroPs\]. The initially discovered IsoPs class derived from ARA oxidation was analogous to prostaglandins PGF~2~α. For this reason, these molecules were called as F~2~-IsoPs \[[@bib107]\]. They are released in their free forms by platelet-activating factor acetlyhydrolase and other phospholipases, being a significant proportion conjugated as glucuronide and excreted in urine \[[@bib108]\]. Among all raecemic compounds, the 5- and 15-series of F~2~-IsoPs formed through ROS mediated oxidation of ARA, F3-IsoPs from EPA and 4- and 20- series NeuroPs from DHA, have been reported as more abundant *in vivo* \[[@bib108]\]. F~2~-IsoPs have also been recognized as biomarkers of oxidative stress, being associated with several chronic inflammatory diseases. Due to their chemical stability in biological samples, F2-IsoPs have been considered as realiable biomarkers of endogenous lipid peroxidation \[[@bib109]\]. Actually, the molecules formed from ROS mediated oxidation of omega 6 and omega 3 fatty acids can act as bioactive molecules in physiological and/or pathological conditions, demonstrating both pro- or anti-inflammatory effects on different cells \[[@bib101],[@bib110],[@bib111]\].

The hypoxemia caused by pneumonia reduces the energy supply by cell metabolism, increases the anaerobic fermentation, intracellular acidosis, and reactive oxygen species (ROS) to destroy the phospholipid layer of the cell membrane \[[@bib1]\]. Oxidative stress via RNA virus infections can contribute to cellular events including apoptosis, loss of immune function and viral replication \[[@bib112]\]. Higher ROS levels followed by depletion of antioxidant defense leads to the development of oxidative stress, chronic activation of immune responses and inflammation, which has been implicated in tissue damage \[[@bib113]\]. Thus, considering the increase of ROS release during the cytokine storm due to SARS-CoV-2 infection, the increase in more unsaturated fatty acids esters of phospholipids, glycerol and cholesterol, with consequent higher susceptibility to non-enzymatic oxidation, must be investigated. For this reason, it has been suggested that supplementation with EPA and DHA should be accompanied by antioxidants, such as vitamin C and E \[[@bib58],[@bib83],[@bib85]\]. In this regard, previous prospective, randomized and controlled studies investigating fish oil administration along with antioxidants via continuous enteral feeding formula as a therapy in ARDS and ALI patients have found benefits, such as reduced mortality, risk of developing organ failures, time on mechanical ventilation, and ICU length of stay \[[@bib58],[@bib83],[@bib85]\].

8. Omega-3 fatty acids and coagulopathy {#sec8}
=======================================

Besides the common biomarkers, SARS-CoV-2 infected patient\'s laboratory examinations included normal or reduced leukocyte count, reduced lymphocyte count, thrombocytopenia, elevated serum levels of transaminase, lactate dehydrogenase \[LDH\], creatine kinase and myoglobin \[[@bib114]\]. In a recent work \[[@bib107]\], from 183 pneumonia SARS-CoV-2 infected patients, 21 (11.5%) patients died. These non-survivors revealed significantly higher D-dimer and fibrin degradation product levels and longer prothrombin time compared to the survivors on admission. By the late hospitalization, the fibrinogen and antithrombin activity levels were also significantly lower in non-survivors, suggesting that conventional coagulation parameters during the course of pneumonia SARS-CoV-2 infection were significantly associated with their prognosis \[[@bib115]\].

Coagulopathy, commonly found in severe cases of COVID-19 as disseminated intravascular coagulation (DIC), may exist in the majority of deaths. The International Society of Thrombosis and Haemostasis has proposed a new category identifying an earlier phase of sepsis-associated disseminated intravascular coagulation, called "sepsis-induced coagulopathy" (SIC) and patients who meet the diagnostic criteria of SIC benefiting from anticoagulant therapy, such as antithrombin, thrombomodulin (rsTM) and low-molecular-weight heparin, has been confirmed \[[@bib116]\]. In addition, long-term bed rest and likely receiving hormone treatment also increase the risk of venous thromboembolism (VTE) in severely SARS-CoV-2 infected patients \[[@bib116]\].

For these reasons, the active application of anticoagulants (such as heparin) for patients with severe SARS-CoV-2 infection has been recommended. However, its efficacy remains to be validated \[[@bib115]\]. Tang et al. \[[@bib115]\] have recently published that anticoagulant therapy mainly with low molecular weight heparin, appears to be associated with better prognosis in severe SARS-CoV-2 infected patients meeting SIC criteria or with markedly elevated D-dimer. In a study involving 449 SARS-CoV-2 infected patients, ninety-nine (22%) patients of SARS-CoV-2 group received heparin treatment for at least 7 days. The results showed that only the group with elevated D-dimer could benefit from heparin treatment in the study. They concluded that patients with severe pneumonia induced by SARS-CoV-2 had higher platelet count and only those with markedly elevated D-dimer may benefit from anticoagulant therapy mainly with low molecular weight heparin \[[@bib117]\].

Wander and Patton \[[@bib118]\] investigated the effect of consumption of moderate amounts (200 g/day) of three species of fish (salmon, sablefish, dover sole) by 23 healthy young men for 18 days on platelet fatty acid profile, bleeding time, platelet aggregation and e*x vivo* production of TXB2. They found that a moderate fish diet might cause modestly positive effects on platelet aggregation. Salmon and sablefish caused significant increases in the EPA content of the platelet fatty acid profile. Bleeding time increased moderately when salmon diets were consumed and platelet aggregation decreased with salmon and sablefish as part of a Western diet.

Dietary supplementation with EPA, DHA or ARA may alter platelet lipid membrane phospholipid composition and affect platelet function, which, in turn, may alter the progression and thrombotic complications of cardiovascular disease. Adili et al. \[[@bib119]\] reported, with special emphasis on *in vivo* effects, that EPA and DHA act on the platelet membrane to reduce platelet aggregation and thromboxane release by acting on COX-1 and 12-LOX, involved in metabolizing fatty acids into oxylipins in platelets. Park and Harris \[[@bib120]\] demonstrated that healthy subjects supplemented with EPA for 4 weeks showed reduction of platelet activation, an early step in platelet aggregation, whereas DHA did not show this effect. It has been assumed that EPA is more active than DHA in altering platelet function because it is a COX substrate. However, DHA appears to decrease TXA2/prostaglandins H2 receptor affinity \[[@bib120]\]. Although supplementation of EPA and DHA has been shown to reduce platelet aggregation and activation in healthy subjects, a higher recommended dose of omega-3 fatty acids may be needed due to platelet hyperactivity prothrombotic conditions such as in cardiovascular disease \[[@bib119]\].

While current antiplatelet therapies are under tests and its efficacy remains to be validated in experimental and clinical trials with COVID-19 patients, known omega-3 fatty acids anticoagulant properties make it possible only to speculate that supplementation could have an effect on the platelet aggregation in severe cases of SARS-CoV-2 infected subjects.

9. Conclusion {#sec9}
=============

In the present contribution, we critically reviewed the potential benefits and adverse effects of omega-3 fatty acids supplementation as co-therapy for patients infected with SARS-CoV-2 ([Fig. 3](#fig3){ref-type="fig"} ). Although the potential benefits of omega-3 fatty acids to reduce COVID-19 severity are based on well documented *in vitro* and in *vivo* experimental assays, the risk of supplementation with high doses before or during SARS-CoV-2 infection must be investigated. Actually, little is known about the virus pathology and how other characteristics of the patients are involved in their recovery. Thus, we suggest that randomized and controlled trials be carried out, taking into account the type of supplementation, doses, patient\'s characteristics, adverse effects and the combination of drugs or antioxidants. In addition, considering the consequences of the cytokines storm, oxidative stress and antiviral drugs to the progression of cardiovascular diseases, other studies about omega-3 fatty acids supplementation should also be performed with patients who survived SARS-CoV-2 infection, since the health of these individuals can be improved by adequate and controlled supplementation.Fig. 3Potential effects of EPA and DHA supplementation in critical SARS-CoV-2 infected patients. PG3: prostaglandin E3, TXs: thromboxanes; LTs5: 5-series leukotrienes; TFN-α: tumor necrosis factor-α; IL-6: interleukin 6; IL-1β: interleukin 1β; ROS: reactive oxygen species; MDA: malondialdehyde; 4-HNE: hydroxyl-nonenal; 4-HHE: 4-hydroxy-hexenal; ISoPs: isoprostanes.Fig. 3
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